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The aim of this work is to demonstrate a method for exciting and receiving torsional and
longitudinal mode guided waves with an electromagnetic acoustic transducer (EMAT) ring
array.
First of all, a three-dimensional guided wave simulator is developed in order to
numerically analyze the propagation of the guided wave. The finite difference time domain
method is used for the simulator. Second, two guided wave testing systems using an EMAT
ring array are provided: one is for torsional mode (T-mode) guided wave and the other is for
longitudinal mode (L-mode). The EMATs used in the both systems are the same in design.
Amethod to generate and receive the T- and L-mode guided waves with the same EMAT
is proposed. Finally, experimental and numerical results are compared and discussed.
The results of experiments and simulation agree well, showing the potential of the
EMAT ring array as a mode controllable guided wave transmitter and receiver.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Guided wave is a kind of ultrasonic that is able to propagate
over long distances along the longitudinal direction of the pipe
or platelike structure. By virtue of this characteristic, ultra-
sonic guided wave is said to have a great potential for rapid,
long-range, and safenondestructive testing [1]. In recent years,
as the number of aging nuclear power plants increases, guided
wave testing has become more important.
Conventional guidedwave testing systemsare classified into
two categories: those using piezoelectric transducers and thosejp (F. Kojima).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behausing magnetostrictive sensors [2,3]. It is well known that the
use of piezoelectric transducers (PZT) is the conventional tech-
nique of guided wave testing. However, PZT requires a high-
viscosity couplant. This is a disadvantage in industrial applica-
tions. Magnetostrictive sensors do not need a couplant and
seem to be adequate for on-site use. However, they have less
controllability because of the characteristic that their excitation
power works uniformly in the circumferential direction. An
electromagnetic acoustic transducer (EMAT) [4] is a transducer
for noncontact ultrasonic excitation and reception, which
does not require any couplant. Each EMAT can be actuatedCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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well as piezoelectric transducers. In addition, EMATs are
simple, resistant to high-temperature environments [5], and
economical. EMATs have many advantages compared to
conventional transducers. Moreover, they could become a
suitable driver for generating L-, T-, and F-mode guided waves.
This offers advantages for on-site inspection and online
monitoring of real plants. Therefore, EMATs have been tackled
by researchers to apply it to guided wave testing systems [6].
In this paper, we demonstrate that EMATs arranged in the
circumferential direction at regular intervals are able to excite
and receive the L-mode guidedwave and the Tmode. First, the
theoretical background for guided waves is provided. The
dispersion curve of the group velocity is calculated, and our
guidedwave testing system ismathematicallymodeled. Then,
a numerical algorithm for the model and an experimental
setup of the guided wave testing system are introduced.
Finally, simulation and experimental results are compared
and discussed.Fig. 1 e Example calculations. (A) Group velocity dispersion
curve. Wave structures (B), (C), and (D) are L(0,1), L(0,2), and
T(0,1) mode, respectively. The group velocity dispersion
curve includes longitudinal and torsional modes. The
representation of L(0,m) denotes the longitudinal mode of
themth degree in the radial direction. T(0,m) is the same as
L(0,m).2. Theoretical background
2.1. Dispersion curve and wave structure of guided
wave in hollow cylinder
Analytical investigation of the guided wave in a hollow cyl-
inder dates back to the work of Gazis [7]. His work delivered a
complete solution to harmonic guided wave modes
propagating in an infinite hollow cylinder. According to
Gazis [7], the dispersion curve and wave structure can be
obtained from the characteristic (frequency) equation
represented as follows with some modification regarding Xj:
cijXj ¼ 0 ði; j ¼ 1;…; 6Þ; (1)
where cij is a six-by-six matrix and Xj denotes the vector
Xj ¼ fA A1 A3 B B1 B3 g. For details of the elements,
refer to his work [7]. A solution of Equation 1 requires the
determinant to equal zero, written as:
det

cij
 ¼ 0 ði; j ¼ 1;…;6Þ: (2)
Equation 2 is an implicit transcendental function of
angular frequency u and wave number k to be solved
computationally. GNU Scientific Library [8] is used for the
computation. Once values for u and k satisfying Equation 2
are found, the dispersion curve can be plotted. Phase and
group velocity are written as follows:
vp ¼ u=k; (3)
vg ¼ du=dk: (4)
Wave structure, which indicates the relative amplitude of
each component of the displacement field, is obtained by
substituting the solution of Equation 1 Xj into Equations 10
and 12 in the work of Gazis [7]. An example of the dispersion
curve and wave structure is shown in Fig. 1: the pipe
medium is SS400, whereas its outer radius and inner radius
are 60.5 mm and 49.5 mm, respectively.2.2. Guided wave propagating hollow cylinder
Newton's equation of motion and Hooke's law in cylindrical
coordinates are used for computation of the guided wave
propagating in the pipe, as follows [9]:
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where
Fig. 3 e Basic principle of the electromagnetic acoustic
transducer (EMAT) and the direction of the wave excitation
force: magnetostriction, Lorentz force, and magnetization
force. In this case, the Lorentz and magnetization force
cancel each other out to be almost zero.
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, ¼ ½ _ur _uq _uz T; (7)
T ¼ ½Trr Tqq Tzz Tqz Tzr Trq T; (8)
F ¼ ½ Fr Fq Fz T; (9)
where u
,
, T, F, ½c, and r are the particle velocity vector, stress
vector, external force vector, stiffness tensor, and density,
respectively. The free boundary condition is given as follows:
2
4 Trr Trq TrzTrq Tqq Tqz
Tzr Tqz Tzz
3
5,n ¼ 0; (10)
where n is the normal vector to each surface. The reference
coordinates are shown in Fig. 2.
2.3. Wave excitation force of EMAT
In our previous work [10], we made the wave excitation
mechanism of the typical type of EMAT clear in a
computational manner. The wave excitation force of the
EMAT consists of the Lorentz force, magnetization force, and
magnetostriction. In case the EMAT is composed of a pair of
magnets and a racetrack coil and set on the ferromagnetic
plate, the Lorentz force and magnetization force cancel each
other out to be almost zero. Eventually, the wave excitation
force of the EMAT derives only from the magnetostriction
along the tangential bias field. A schematic illustration of
the basic principle and wave excitation force of the EMAT is
shown in Fig. 3. On a ferromagnetic pipe, the wave
excitation force of the EMAT is considered to act in a
circumferential direction, the same as the case in the plate.
Reception of the guided wave with EMAT is performed by
the same mechanism of the excitation. To receive the
guided wave, the EMAT receiver should be set in the same
way as the EMAT transmitter is.3. Guided wave testing simulator
3.1. Finite difference time domain implementation
We developed the guided wave simulator using the finite
difference time domain (FDTD) method [9]. The reason why
we chose the FDTD method is that it has many advantages
compared to the finite element method (FEM): low
computation cost, easy implementation, and compatibility
with GPU enforcement. These advantages derive from theFig. 2 e Reference coordinates.fact that the FDTD method is explicit, whereas the FEM is
implicit. Hayashi and Rose [11] have proposed a
semianalytical FEM to overcome the high computation cost
of conventional FEM, but their method only applies to the
axisymmetric case, and is impossible to apply to a pipe with
arbitrarily shaped corrosion.
Fig. 4 illustrates the velocityestress staggered-grid mesh
used in the FDTD approach. The discrete forms of Equations
5 and 6 are given as follows
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; (13)Fig. 4 e Variable arrangement of the velocityestress
staggered grid for the finite difference time domain (FDTD)
method in cylindrical coordinates. The indices i, j, and k
represent the values of spatial coordinates r, q, and z,
respectively.
Fig. 5 e Free boundary and variables in an r q plane. The
bold unbroken line is a free boundary. Index i represents
the spatial coordinate r.
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In these equations, the subscripts i, j, and k refer to the
spatial indices, and the superscript n refers to the time index.
Thus, the expression:
_unþ1r
i;jþ1
2
;kþ1
2
(20)
represents the r component of partial velocity evaluated at the
point r ¼ i dr, q ¼ ½jþ 1=2  dq, z ¼ ½kþ 1=2  dz, at the time
t ¼ ½nþ 1  dt. The symbols Dr, Dq, and Dz denote the discrete
form of the spatial differential operators: v=vr,v=vq, and v=vz.
The specific expression of these operators is, for example, in
the case of second-order approximation, given as follows:
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3.2. Free boundary condition
The free boundary condition is easily and adequately imple-
mented by the introduction of the so-called zero-stress
formulation [12]. Choosing the r axis as the vertical direction
(positive up ward) and setting the free surface at r ¼ 0, we
must satisfy the following equation:
Trr ¼ Trq ¼ Tzr ¼ 0jr¼0: (22)
When Equation 22 is discretized, particular values of the
particle velocity and stress components need to be specified
at and above the free surface boundary in order to solve
Equations [11e19]. Setting the free surface boundary at ir ¼ i,
as shown in Fig. 5, the values of the stress fields at and
above the free boundary are obtained using the property of
antisymmetry, written as follows:
Trrjir¼i1=2 ¼ Trrjii¼iþ1=2; (23)Trqjir¼i ¼ 0; Trz

ir¼i ¼ 0: (24)
The free surface boundary is set to be coincident with the
shear stress nodes for accurate computation [13]. Substituting
Equations 23 and 24 to Equations 11, 18, and 19, we obtain the
following:
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Averaging Equations 26 and 27 with the corresponding
inner values, we obtain the discrete forms of _uq and _uz on the
free surface, written as follows:
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The free boundary conditions on the other planes are also
obtained in the same manner.4. Guided wave testing system using EMAT
transmitter/receiver array
4.1. System overview
A schematic illustration of the guided wave testing system is
shown in Fig. 6. The system is composed of a straight steel
pipe (SS400), EMAT ring arrays for transmitter and receiver,
a Japan Probe preamplifier (PR-60) for receiving EMAT, a
Japan Probe pulse receiver (JPR-600C), and a personal
computer for digital oscilloscope and band pass filter.
Fig. 6 e Schematic illustration of the guided wave system
using an electromagnetic acoustic transducer (EMAT) ring
array: a PC for digital oscilloscope and band pass filter,
pulser/receiver, preamplifier, and EMAT ring array for the
transmitter and receiver consisting of several EMATs.
Fig. 7 e Configuration of the electromagnetic acoustic
transducer (EMAT) used in the system.
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Table 1. The center frequency and gain of the preamplifier are
100 kHz and 60 dB, respectively.
The EMAT ring array for the transmitter and receiver is
composed of eight EMATs. EMATs for the transmitter are se-
ries connected to be driven at the same time, whereas EMATs
for the receiver are parallel connected in order to strengthen
the signal intensity [14].4.2. Design of EMAT and layout for torsional/
longitudinal mode guided wave
The design of the EMAT used in the system is illustrated in
Fig. 7. The EMAT is composed of exchange coupled permanent
magnets and a racetrack coil. Samariumecobalt magnets are
used in this work. The key parameters of the EMAT for the
transmitter and the receiver are listed in Table 2. For
excitation of the torsional mode guided wave, EMATs for the
transmitter are set as shown in Fig. 8A to make the wave
excitation force act in the circumferential direction. For the
longitudinal mode guided wave, The EMATs are just set to
rotate 90 around to make the excitation force act in the
longitudinal direction, because these EMATs are mobile (see
Fig. 8B).
EMATs for the receiver are set in the same manner as the
transmitter. The reason is that the EMAT for the receiver is
driven based on the same mechanism as the transmitter.Table 1 e Fundamental specifications of pulse receiver.
Pulser
Pulse type Square burst
Pulse voltage (V) 10e600
Number of waves 1e300
Transmitting frequency (Hz) 30 ke10M5. Results and discussion
5.1. Simulation and experimental setup
The experimental setup is illustrated in Fig. 9: an SS400 steel
pipe with two EMAT ring arrays for transmitting and
receiving. Each EMAT ring array has eight EMATs arranged
in the circumferential direction at regular intervals. The key
parameters in the simulation and experiment are listed in
Table 3.
The wave excitation force for the torsional mode guided
wave generated by the EMAT transmitter is assumed as fol-
lows in simulation:
F ¼ ½WðtÞ,sinð2pfÞ0ð0< t<5TsÞ; (30)
where WðtÞ, f, and Ts denote a window function, frequency,
and time, respectively. In this work, we use theWðtÞwritten as
follows:
WðtÞ ¼ exp
(


t 2:5 106
1:75 106
2)
ð0< t< 5TsÞ: (31)
The force for the longitudinal mode is written in the same
way as the torsional mode,
F ¼ ½0 0 WðtÞ,sinð2pftÞ ð0< t<5TsÞ: (32)
Simulator outputs are the circumferential components and
longitudinal component of the particle velocity _uq and _uz at the
receiving point, respectively. Simulations and experimental
results are shown in Figs. 10A and 10B for the torsional mode
guided wave and longitudinal mode guided wave, respectively.
Fig. 10 shows that the real waveforms have virtually the sameReceiver
Frequency band width (Hz) 300 ke10M
Gain (dB) 80
Input impedance (kU) 10
Output impedance (U) 50
Table 2 e Parameters of coil used for EMAT.
Transmitter
EMAT
Receiver
EMAT
Internal diameter (mm) Major 21.0 18.0
Minor 1.0 1.0
Wire thickness (mm) 0.26 0.18
Number of turns 15 30
EMAT, electromagnetic acoustic transducer.
Fig. 8 e Layout methods. (A) Layout method for torsional
mode guided wave excitation and reception. (B) Layout
method for longitudinal mode guided wave excitation and
reception using electromagnetic acoustic transducer
(EMAT) ring arrays. EMATs for the transmitter are serial-
connected and EMATs for the receiver are parallel-
connected in order to enhance the signal intensity.
Fig. 9 e Simulation and experimental setup.
Table 3 e Parameters in simulation and experiments.
Simulation Experiment
Frequency (kHz) 100 Frequency (kHz) 100
dt (ms) 10 Voltage (V) 300
Young's modulus (GPa) 207 LPF (kHz) 70
Poisson ratio 0.3 HPF (kHz) 130
Density (kg/m3) 7900 Gain (dB) 80
dr, dz (mm) 1 Wave cycles 5
dq (rad) 0.0327 Pipe medium SS400
HPF, high pass filter; LPF, low pass filter.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 1 9 6e2 0 3 201properties with the simulation for both the torsional and
longitudinal waves.
5.2. Analysis of the time of flight
The group velocity of the torsional and longitudinal mode
guided waves propagating in the pipe used in this experiment
is shown in Fig. 1. First-order torsionalmode [T(0,1)], first-order
longitudinal mode [L(0,1)], and second-order longitudinal
mode [L(0,2)] guided wave group velocity are 3166 m/s,
2822 m/s, and 5273 m/s, respectively. When the excitation
frequency is 100 kHz, in the case of torsional mode, only
T(0,1) mode is excited and in the case of longitudinal mode,Fig. 10 e Comparison between simulation and
experimental results. (A) Result of torsional mode guided
wave excitation and reception. (B) Result of longitudinal
mode guided wave. Red lines in A and B show
experimental results, whereas green and blue lines show
simulation results.
Fig. 11 e Schematic illustration of the propagation paths
and the superposition that the guided waves reflected from
left end and right end meet at.
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of the wave bullets are illustrated in Fig. 11. The guided wave
excited by the transmitter propagates in both directions and
reflects at the pipe ends. Thus, the wave bullet coming at the
receiver directly, the wave bullet reflected at the pipe end
near the receiver, and the wave bullet reflected at the
opposite pipe end are observed in this order.
In this experiment, the transmitter and the receiver are
allocated at a specific position where the wave bullet reflected
at the left end and right end reach at the same time. Therefore,
the second wave bullet becomes lager than the others (see
Fig. 10). Time-of-flight (TOF) values of the wave bullets in
simulation, experiment, and the theoretical value that is
calculated with analytical group velocity are listed in Table 4.Table 4 e Comparison between TOFs and group velocities
from simulations and experiments.
Torsional mode guided wave
WB index 1 2 3 4
TOF (Sim.) (ms) 153.6 312.3 468.8 786.8
TOF (Exp.) (ms) 153.6 308.2 465.4 774.9
TOF (Theo. T(0,1)) 157.9 315.8 473.7 789.6
Longitudinal mode guided wave
WB index 1 2 3 4
TOF (Sim.) (ms) 90.0 185.2 289.8 355.2
TOF (Exp.) (ms) e 184.6 288.4 368.0
TOF (Theo. L(0,1)) 94.8 189.6 284.4 e
TOF (Theo. L(0.2)) e e e 354.3
TOF, time of flight; WB, Wave bullet.The WB index in Table 4 represents the wave bullet index
shown in Fig. 10 as the circled number. The TOFs of each
wave bullet and the wave profiles are in good agreement.
Only the T(0,1)mode guidedwave is excited in the torsional
setup. L(0,1) and L(0,1) are mainly excited in the longitudinal
setup. The cause of the slight error of TOFs and wave bullet
velocity is considered to be in physical values (e.g., Young's
modulus, Poisson ratio, and density). The real waveformof the
longitudinal guided wave is relatively noisier than that of the
torsional. A major reason is thought to be the receivers
responding to other components of the mode affecting the
wave profiles. Another reason is thought to be that unexpected
modes are excited. Transmitters set at a regular interval in the
circumferential direction could excite several modes [15].
5.3. Summary and future works
The velocity dispersion curve andwave structure of the typical
guided wave mode were considered for guided wave propa-
gation in a hollow cylinder. A guided wave propagation model
was formulated in stressevelocity form and discretized using
the FDTD method. A guided wave testing system using an
EMAT ring array for transmitter and receiver was developed.
Simulation and experiments were performed for both the
torsional mode (T mode) and the longitudinal mode (L mode).
The experimental results were consistent with simulation in
wave formprofiles and TOFs. The T-mode guidedwave is easily
applied to nondestructive testing of the pipe because it is not
dispersiveatanyexcitation frequencyand is less likely todamp.
Bycontrast, the L-modeguidedwave isdispersivedependingon
excitation frequency.However, it has thepotential tobeapplied
to advanced nondestructive testing method with sophisticated
signal processing because of its dispersive characteristic. It is
expected that the guided wave testing system we that have
developedwill lead to easy implementationofbothT-modeand
L-mode guided wave testing in the field. The feasibility of this
guided wave system is under study.Conflicts of interest
The authors declare no conflict of interests.
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